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ABSTRACT HIV infection is accompanied by an early
immune dysfunction limiting host control of virus and likely
contributing to difficulties in achieving a successful vaccine
against HIV. We report here that the HIV Tat protein is
strongly immunosuppressive, both immediately after immu-
nization of mice with soluble protein (sTat), and in serocon-
verting humans, and propose that Tat-induced suppression
cripples immune surveillance to HIV infection. We show that
macrophages are sensitive to sTat stimulation at concentra-
tions 1,000-fold lower (500 pM) than T cells, and this stimu-
lation is accompanied by the immunosuppressive induction of
Fas ligand on the macrophage. T cell proliferative defects
induced by sTat in vitro can be completely (at lower concen-
trations of sTat) or partially (at higher concentrations)
reversed by antagonists to FasyFas ligand interaction. We
further report a method to preserve immunogenicity while
inactivating Tat immunosuppression through oxidation,
which advances the use of oxidized Tat as a component of an
anti-HIV vaccine. These observations define additional meth-
ods to study the immunosuppressive functions of sTat that
now may be rapidly applied to primary isolates from individ-
uals with differing clinical courses. Our findings have imme-
diate relevance for vaccine development, by describing and
supporting a strategy that includes inactivated sTat in a
multicomponent, anti-HIV vaccine.

During the initial phase of HIV infection, immune dysfunction
exceeds CD41 T cell infection and loss (1). This early immune
impairment is observed in vitro as diminished T cell responses
to antigen-specific stimulation (2), and in the infected indi-
vidual as persistent replication (3). Although the lag time
between infection and immunodeficiency is not fully defined,
in many cases HIV replication is never completely controlled
by an immune response, suggesting that immunosuppression
subsequent to HIV infection may be practically immediate (4).
Accumulation of soluble immune suppressants of host or HIV
origin might explain abnormalities in uninfected cells. Accel-
erated apoptosis in several types of immune responder cells has
been shown during HIV infection and has been proposed to
contribute to the general immune dysfunction observed in
HIV disease (5, 6).

The HIV-1 Tat protein functions as a soluble effector (sTat;
ref. 7) that, in addition to transactivating the HIV ltr and other
genes (7), potently stimulates T cells to undergo apoptosis in
vitro (8–10). The translation of this observation to HIV disease
is under vigorous investigation. The concentration of Tat
protein required to activate (11) or to directly induce apoptosis
of CD41 T cells varies from 50 nM to 2 mM in different
experimental systems (8–11). Tat has been shown to induce

abnormalities in other types of immune cells, including mac-
rophage (MF) antigen-presenting cells (APCs) (12). Recently,
infected as well as bystander MFs, but not dendritic cells, from
HIV-infected individuals were shown to aberrantly overex-
press Fas ligand (FasL) (13). This overexpression would kill
antigen-responding T cells activated to express Fas (CD95)
(14) through apoptosis mediated by FasyFasL interaction (10,
15–17). In contrast, activated MFs may acquire a resistance to
suicide by uncoupling Fas-mediated signaling, as demon-
strated in vitro after tumor necrosis factor (TNF) a or lipo-
polysaccharide (LPS) stimulation (18).

No vaccine capable of eliciting protective immunity to HIV
infection has been formulated. HIV presents a formidable
challenge to immune surveillance based on many factors,
including hypervariability of its principal neutralizing domain
(V3) (19), concealment of critical, functional domains in the
external envelope glycoprotein (gp120) behind inessential
structures (20), and infection of APCs resulting in their
dysfunction (21). Substantial progress has been made recently
in defining neutralizing domains within the HIV envelope, and
in augmenting the immune response to HIV proteins (22).
Despite these important advances, an effective HIV vaccine
remains elusive, we propose, because the immediate immu-
nodeficiency accompanying HIV infection creates another
obstacle to a successful vaccine (23). Here we investigate the
validity of this hypothesis, the mechanism by which HIV
induces immediate immunosuppression, and a strategy by
which this immunosuppression might be overcome.

MATERIALS AND METHODS

Murine Immunizations and Immune Responses. At week 0,
mice were bled for preimmune sera, and then immunized with
5 mg of recombinant Tat protein, or, in the case of the mixing
experiment, with 5 mg recombinant Tat andyor recombinant
p24 (Chiron) in 100 ml of complete Freund’s adjuvant admin-
istered s.c. in the flanks. Subsequently, sera were collected
every other week for antibody response (up to 10 weeks), or
lymph nodes were harvested at 6 weeks for T cell proliferation
assays.

ELISAs. Briefly, protein at 1 mgyml was applied to plastic
96-microwell plates in carbonateybicarbonate coating buffer,
pH 9.6 overnight at 4°C, and blocked overnight at 4°C in PBS,
pH 7.4, with 0.05% Tween-20, 2.5% BSA (Sigma), and 5% FCS
(GIBCO) (blocking buffer). Sera, diluted 1:100, 1:1,000, and
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1:10,000 into assay buffer (PBS 1 0.05% Tween 9:1 blocking
buffer), were incubated on the coated plates for 1 hr at 37°C.
Reactions were developed with affinity-purified, horseradish
peroxidase-conjugated anti-human IgG or IgM, or anti-mouse
IgG (Kirkegaard & Perry Laboratories) for 30 min at 37°C,
followed by tetra methyl benzidine substrate, and stopped in 4
N H2SO4. Anti-p24 antibodies were measured by commercial
ELISA. Plates were read (V Max Pro, Molecular Devices) for
the difference in OD between 450 nM (signal) and 575 nM
(background).

Isolation of Murine MFs. Eight- to 12-week-old BALByc
mice were injected i.p. with 3 ml of 2.9% thioglycolate (TG)
(National Institutes of Health media unit). At 4 days, mice
were sacrificed, and peritoneal exudate cells highly enriched
for MFs were harvested by i.p. lavage with ice-cold DMEM
containing 5% FCS.

Classification of Human Groups. The criteria for long-term
nonprogressors (LTNPs) were: .12 years with HIV infection
and .500 CD41 cellsyml; for immediate seroconverters (ISs):
symptomatic individuals, with seroconversion and HIV isola-
tion, during the period of initial presentation; for progressors
(Ps): individuals with recurrent high viral loads (.5,000 cop-
iesyml) and declining CD41 concentrations (range 134–348
cellsyml) observed over 3 years; for random HIV-infected
individuals (HIV positive, HP): individuals without symptoms
or AIDS at least 3 years after HIV infection; for the uninfected
controls: individuals shown to be HIV-negative by prior com-
mercial ELISA. All sera first were prescreened for (predom-
inantly IgM) ‘‘natural antibodies’’ crossreactive to Tat (24);
2y25 (one control and one P) sera fulfilling this criterion were
excluded from further study. A new control was substituted but
another P serum was not.

Tat Protein. Recombinant Tat was prepared, as described
(8), under mildly denaturing conditions, and was renatured in
the presence of 0.1 mM DTT. Three preparations of sTat,
assayed to be endotoxin-free (,25 pgyml), were used in these
studies. The generation and maintenance of long-term, pe-
ripheral blood cell-derived CD41 T cell lines overexpressing
Tat of primary HIV isolates (Tat Tcls) will be described
elsewhere.

Flow Cytometry. Flow cytometry was performed as de-
scribed (9) by staining MFs with the anti-FasL mAb, Nok 1
(PharMingen) and analyzing stained cells by FACScan (Bec-
ton Dickinson).

T Cell Proliferation Assays. Human peripheral blood mono-
nuclear cells (PBMCs) were purified as described (9) and
plated at 105 cellsy100 ml in 96-well plates in RPMI medium
supplemented with 5 3 1025 b-mercaptoethanol and 5%
human AB serum. [3H]thymidine was added over the last 18
hr of culture.

Protein Immunoblots. Protein lysates were resolved by 12%
SDSyPAGE, transferred to nitrocellulose (Hybond, Amer-
sham Pharmacia), probed with human antibodies from a
LTNP (SF) or an IS (RR), and blots were developed by
enhanced chemical luminescence with a secondary goat anti-
human antibody conjugated with horseradish peroxidase
(Kirkegaard & Perry Laboratories).

RESULTS

Oxidation of Tat Protein Inactivates Immunosuppression
and Preserves Immunogenicity. While making antibodies to
Tat in mice, we found stronger immune responses to inacti-
vated, oxidized protein than to native protein (Table 1, Exp. 1),
which was surprising because antibodies frequently are di-
rected against native conformations (25). To explore the
possibility that this resulted because native sTat was directly
immunosuppressive in mice, we analyzed four groups immu-
nized either with p24 (HIV gag) (I), sTat 1 p24 (II), oxidized
Tat (oxTat) 1 p24 (III), or ox p24 (IV), reasoning that sTat
immunosuppression could extend to a coadministered antigen
by affecting APC function (13). sTat was a 10-fold poorer
immunogen than inactivated Tat (Table 1, Exp. 2, aTAT group
II vs. III, P , 0.0004, t test). Coimmunization of sTAT with p24
resulted in a 7-fold suppression of the anti-p24 response (P ,
0.0047, ANOVA) compared with the anti-p24 responses to p24
alone (I), ox p24 (IV), or p24 coadministered with inactivated
Tat (III), which were all comparable immunogens. This im-
munosuppression derived at least in part from a sustained
impairment in T cell function, because recall proliferative
responses to a wide range of p24 concentrations (0.02, 0.2, and
2 mgyml) were strongly suppressed (100%, 73%, and 56%,
respectively) in lymph node T cells harvested from mice 6
weeks post-sTat1p24 (II) challenge, when compared with
group III (oxTat1p24) mice.

Picomolar Concentrations of sTat Stimulate FasL on Pu-
rified Populations of MF. The immune cell most responsive in
vitro to sTat-mediated immunosuppression has not been de-
termined, and one obvious target, the CD41 T lymphocyte, is
relatively insensitive to its activity. Our immunizations (Table
1) suggested that sTat induced an APC defect. To determine
whether MF APCs, recently correlated with apoptosis in
HIV-infected individuals (13), were sensitive to sTat, we first
studied elutriated human peripheral blood monocytes (.90%
monocytes at culture initiation), which might be more recep-
tive to Tat activity than murine MFs in the context of a
(partial) species specificity of Tat (26, 27). Human monocytes
were not viable over time in the absence of stimulation (11),
resulting in the outgrowth of smaller, CD142 PBMCs (Fig.
1A). By comparison, LPS- (Fig. 1 A) or TNF-a (not shown)-
treated monocytes remained viable. Interestingly, sTat signif-

Table 1. Native sTat, but not oxTat, suppresses antibody response to a coadministered antigen
in mice

Group Immunogen

Exp. 1

aTat titer Exp. 2

Wk 2 Wk 6 aTat titer ap24 titer

sTat ,100 922 (822)
oxTat 12,750 (670) 17,675 (4,925)

I p24 0 9,109 (1,337)
II sTat 1 p24 983 (317) 1,100 (384)
III oxTat 1 p24 9,033 (657) 8,013 (1,410)
IV oxp24 0 7,944 (1,245)

Analysis by ELISA of antibody responses to recombinant native Tat, or to recombinant p24 protein
(SF2, Chiron). Titers were determined by linear regression analysis of serial 1:100, 1:1,000, and 1:10,000
dilutions. Results are the mean (SD). Statistical analysis (P) was performed by two-tailed Student’s t test
(two-way), or by ANOVA (four-way). In Exp. 1, P , 0.07; in Exp. 2, P , 0.0004 (II vs. III, aTat titer)
and P , 0.0047 (a p24 titer).
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icantly promoted the survival of CD141 cells (Fig. 1 A), which
diffusely enlarged (Fig. 1 A, Upper, M1 gate) and became
adherent, suggesting their differentiation into MFs. sTat stim-
ulation of monocytes began at 500 pM, 100-fold below its
threshold for activating human T cells (11), and 1,000-fold
below the concentration directly triggering apoptosis of CD41

T cells (10).
Moreover, sTat did enhance the viability of cultured murine

MFs, as long as the MFs first were activated in vivo [with TG
(TG1) , compared with no prior activation (TG2) (Fig. 1B)];
and stimulated with relatively high concentrations of Tat (100
nM). By comparison, LPS promoted the viability of murine
MFs independently from in vivo stimulation, and at the same
concentration effective for human MFs (Fig. 1B). We inter-
preted the partial resistance to Tat activity to imply a barrier
to Tat uptake in mice, which could be partially overcome when
MF phagocytosis was stimulated.

An acquired resistance to Fas-initiated apoptosis that ac-
companies an induction of FasL has been proposed to explain

the viability of TNF-a- or LPS-stimulated monocytes in culture
(18). To learn whether sTat also induced FasL on human
monocytes, we assayed 6-day cultures for surface FasL expres-
sion after either no stimulation, stimulation with increasing
concentrations of sTat ranging from 500 to 50,000 pM, with
TNF-a, and with LPS (Fig. 1C), all of which enhanced MF
viability (Fig. 1 A). Although TNF-a (weakly) and LPS (more
strongly) induced FasL on MFs, sTat was the most potent
inducer of FasL (median fluorescence of 216.7 vs. 90.6 for LPS,
Fig. 1C). The sTat induction of FasL on MFs was dose and
time dependent, was competed (100% over 48-hr culture) by
murine (Fig. 1D) or human (not shown) polyclonal antibodies
to Tat, and was not stimulated by sTat that had been oxidized
(Fig. 1C), with 3% H202 for 1 hr at 25°C, before addition to the
monocytes. Several other surface proteins capable of regulat-
ing T cell responses, including B7–1, B7–2, CCR5, and
CXCR4, were not affected by sTat treatment of MFs (not
shown). The smaller, CD142 cells in these cultures (consisting

FIG. 1. Tat promotes viability and stimulates human and murine MFs in culture. (A) Human MFs. Fluorescence-activated cell sorter (FACscan,
Becton Dickinson) analysis of monocytes, enriched from peripheral blood by centrifugal elutriation, cultured for 6 days with either no stimulus
(0), 100 ngyml of LPS, or 50 nM Tat. (Upper) Scatter plot, the large, CD141 MFs (M1, 100% CD141) are gated. FSC, forward scatter. (Lower)
Immunofluorescence of all cells in culture after staining with a rhodamine-labeled anti-CD14 antibody (PharMingen). The CD141 cells (M1, MFs),
as a % of all cells in culture at time of assay, are indicated above, and agree closely with the % MFs determined by scatter plot. FI, f luorescence
intensity. (B) Tat promotes viability of murine MFs that have been previously activated in vivo. Mouse peritoneal washout cells, a MF-rich
population, were isolated either 3 days after i.p. TG injection (TG1), or without this in vivo stimulation (TG2). Murine MFs were cultured for
5 days either in the absence of additional stimulation (0), with LPS (100 ngyml), or with sTat (100 nM), and then analyzed by flow cytometry scatter
plot for a large population of cells (gate, M1, %MF) staining for murine MF markers (not shown). Arrow indicates population of apoptotic,
annexin-reactive cells accumulating in unstimulated cultures. FSC, forward scatter. (C) Median fluorescence (MFl) of monocytes, cultured for 6
days either with no stimulus (0), 50 ngyml TNF-a, 100 ngyml LPS, decreasing concentrations of sTat (T, A, T), or 50 nM oxTat (3% H2O2 for 1
hr at 25°C), and stained with an anti-FasL mAb (Nok 1, PharMingen), followed by a fluoresceinated goat anti-mouse polyclonal antibody (Amersham
Pharmacia). (D) Neutralization of Tat-mediated induction of FasL on human MFs by anti-Tat polyclonal antibodies. MFs cultured for 2 days either
with no stimulus, with 50 nM Tat pretreated for 1 hr with murine polyclonal antibodies (1:100 dilution) prepared to oxTat, or with preimmune
serum (1:100) were analyzed by FACs after staining with an anti-FasL mAb (Nok 1, PharMingen). FI, f luorescence intensity.
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of contaminating T and B lymphocytes) did not express
detectable amounts of FasL (not shown). Purified dendritic
cells treated with sTat also did not induce FasL (not shown).

Tat Suppresses Helper Cell Activation in Vitro That at
Lower Concentrations (50 nM) Is Fully Reversed by FasL
Inhibitors. To better define a pathway of Tat immunosuppres-
sion, through FasL induction (on the MF), resulting in loss of
helper T cell recall responses, we performed T cell prolifera-
tion assays using recall antigens, sTat (2), and FasL antago-
nists. T cell proliferation to tetanus antigen (mean inhibition
70% at 125 nM and 84% at 250 nM, Fig. 2A) and to Candida
antigen (mean inhibition 72% at 125 nM and 81% at 250 nM,
Fig. 2 A) was suppressed in a dose-dependent fashion by sTat,
whereas phytohemagglutinin-induced proliferation was less
sensitive to Tat suppression (29% at 250 nM, not shown). At
lower concentrations of sTat (50 nM), Tat-induced immuno-
suppression (31%, Fig. 2B) was not only fully reversed by the
addition of soluble Fas (sFas, 50 mgyml), but under these
conditions sTat actually became stimulatory (11) (141% rel-
ative to antigen treatment alone, Fig. 2B) in these short-term
cultures. An antibody (ZB4) that inhibits FasL by antagonizing
its receptor (Fas) on the T cell, partially (42%, Fig. 2C, PBMCs
#4) or fully (96%, Fig. 2C, PBMCs #5) reversed sTat immu-
nosuppression of tetanus responses, and enhanced a Candida
response 6.3-fold relative to sTat treatment alone (Fig. 2C,
PBMCs #5). The FasL antagonists, ZB4 and sFas, did not
enhance T cell proliferation independently from sTat treat-
ment (not shown). We interpreted these results to indicate that
a portion of sTat-induced immunosuppression was contributed
by induction of FasL, although other Tat-induced factors also
could participate in suppressing T cell proliferative responses,
particularly at higher concentrations of sTat (12).

In HIV-Infected Individuals, the Antibody Response to Tat
Is Delayed and Difficult to Maintain. To analyze the effect(s)
of extracellular Tat in HIV-infected individuals, we explored
the relationship(s) between anti-Tat antibodies and disease

FIG. 2. Participation of FasL in Tat-mediated suppression of lym-
phocyte proliferation. (A) Human PBMCs from two individuals (PBMCs
#1 and #2) cultured in triplicate for 6 days in medium alone, tetanus (0.3
Lfyml) antigen (Ag) or Candida (4 mgyml) Ag, or Ags with additionally
125 or 250 nM recombinant Tat protein, were pulsed with [3H]thymidine
over the last 18 hr before harvest. Results are representative of 10
experiments with different PBMCs. (B) Human PBMCs from one
individual (PBMCs #3) cultured in triplicate for 5 days in either medium
(not shown), tetanus antigen (Ag, 0.3 Lfyml), antigen with the further
addition of 50 nM Tat (Ag1Tat), or Ag with 50 nM Tat and recombinant
sFas protein (25 mgyml) to block surface FasL (Ag1Tat1sFas). [3H]thy-
midine was added over the last 18 hr, and results are graphed as
stimulation index (mean cpm stimulated cultureymean cpm medium
control). Results are representative of three experiments. (C) Prolifera-
tion of PBMCs cultured 6 days with either tetanus (PBMCs #4 and #5)
or Candida (PBMCs #5) antigen (Ag) alone as in A, compared with
cultures in which Tat (Ag1Tat, 125 nM), or Tat (125 nM) and the
antagonistic anti-Fas antibody, ZB4 (250 mgyml, Upstate Biotechnology)
also were added (Ag1Tat1aFas). Results are representative of three
experiments.

FIG. 3. Absence of Tat-directed antibody response in ISs and Ps.
Antibodies to Tat in sera from uninfected controls (C), ISs, LTNPs,
random HP individuals, and Ps were measured by ELISA against
recombinant Tat produced in bacteria, and the OD (multiplied by
1,000 to reflect the dilution), averaged from triplicate determinations,
is reported as a point for each individual. The mean for each group is
indicated by a bar, with SEM flags. (Lower) Mean antibody titer of
each group to Tat and HIV proteins (Abbott Diagnostic Labs,
Chicago, to gp41 envelope and p24 nucleocapsid) determined by linear
regression analysis of ELISA readings at 1:10,000, 1:1,000, and 1:100
dilutions for Tat, and at 1:1,600 and 1:400 dilutions for HIV. The
anti-HIV titers are a lower estimate as some samples exceeded the
maximum range of this assay (.20,000). The difference in anti-Tat
antibody response between the LTNP and either the IS or the P groups
is highly statistically significant (P , 0.0003 vs. IS, P , 0.0024 vs. P,
unpaired t test), whereas the difference in antibody between the LTNP
and the HP groups is also statistically significant (P , 0.02, unpaired
t test).
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course. We reasoned that antibodies to sTat would neutralize
its proapoptotic effect and slow progression, whereas its
apoptotic function would impair initiation and maintenance of
any immune response directed to Tat. Sera from ISs, HP
individuals, Ps during rapid disease progression, LTNPs, and
uninfected controls were analyzed by ELISA for antibodies to
recombinant sTat. Interestingly, neither the ISs or the Ps had
any antibody directed against Tat (Fig. 3, graph), whereas they
had antibodies to other HIV proteins (Fig. 3, Lower). The
LTNPs had the highest anti-Tat antibody titer (23,619 6
2,303), whereas the HP individuals had an intermediate re-
sponse (Fig. 3). This relationship among the four groups of
HIV-infected individuals was highly statistically significant
(P , 0.0001, ANOVA). The higher response in the LTNP
compared with the HP group was also significant (P , 0.02,
two-tailed t test). Protein immunoblots confirmed that the five
ISs made no anti-Tat antibodies, whereas they already made
antibodies to other viral proteins, including p24 (Fig. 4, RR,
open arrow). All the LTNP sera (Fig. 4, examples DH and SF)
and a rabbit antiserum to recombinant Tat (Fig. 4, RAB)
recognized both recombinant (Rec) and native Tat (Tat TcL)
(Fig. 4, dark arrow).

DISCUSSION

Our previous work (8, 11), and the well-conserved Tat se-
quence among various viral strains as reviewed by others (23),
suggest the potential for Tat as a target for immunotherapy and
AIDS vaccine development. We have shown here that sTat
functions as an acute immunosuppressant in vivo, supporting
the inclusion of inactivated Tat as a vaccine against AIDS.

Tat inhibited recall activation of antigen-specific T cells.
Antibody to Tat is relatively difficult to produce both in
humans and in mice, and the response in humans is delayed
compared with other HIV antigens, including p24. The main-
tenance of anti-Tat antibodies in the infected individual is one
factor associated with slower disease progression (28). Tat
acutely suppressed the immune response to a coadministered
antigen, p24, whereas p24 was not immunosuppressive (29). In
our mixing experiment, p24 was selected as a second immuno-
gen because antibodies to it, like Tat, are lost over time,
possibly owing to its strong T helper cell dependence (30).

Our finding that sTat functions to up-regulate FasL on MF
APCs provides a consistent explanation for our observations.
Importantly, 1,000-fold lower concentrations of sTat (500 pM)
trigger this effect on the MF, as compared with the concen-
tration required to initiate direct apoptosis of CD41 T cells
(approximately 500 nM). MFs stimulated by Tat, either by
HIV infection or by sTat uptake, would induce FasL, which in
turn would trigger the apoptosis of antigen-reacting, Fas-
expressing helper T cells. When a Tat-activated MF presented
more than one antigen, either because of HIV infection or
phagocytosis of soluble antigens, immune responses directed
toward the other antigens would be suppressed as well. This
process would blunt T-cell dependent, cellular, and humoral
immune responses. The properties of sTat in vivo inevitably
will be complex and dose dependent, reflecting a mixture of
stimulatory (ref. 11, Fig. 3B) and apoptotic (8–10) effects on
the T cell and immunosuppressive effects from the MFs.

Our work defines two useful assays for evaluating this
acutely immunosuppressive function of sTat in the context of
HIV isolates from infected individuals with varying disease
progression. The simplest assay will be to compare different
sTats for induction of FasL on the MF. The small animal
model for evaluating immune disregulation in HIV disease has
important similarities to transgenic mice in stressing the role
of APCs in HIV immune dysfunction (31–33), but has critical
differences by emphasizing the outcome of an acute challenge.
This acute scenario seems more relevant to the development
of an effective HIV vaccine.

The findings presented here strongly support the inclusion
of inactivated Tat in immunization protocols designed primar-
ily to elicit protective anti-HIV immunity to structural pro-
teins. We have provided a safe and practical method for
inactivating Tat that maintains the immunogenicity of the
protein. Vaccination to oxTat would neutralize the immune
paralysis otherwise mediated by native, active Tat during viral
challenge, and thereby sustain protective responses. By these
criteria, immunization with inactivated, oxTat warrants further
immediate study in vaccine protocols in primates, and poten-
tially in humans.
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